Introduction {#sec1-1}
============

Alzheimer's disease (AD) is the most common neurodegenerative brain disease and characterized by massive loss of memory and learning. The major hallmarks (**[Figure 1](#F1){ref-type="fig"}**) include the extracellular deposition of beta-amyloid (Aβ) plaques, the intraneuronal accumulation of hyperphosphorylated tau with formation of neurofibrillary tangles (NFT), loss of neurons releasing the neurotransmitter acetylcholine, vascular impairment, glial dysfunctions and inflammation. In about 70% of all cases also a deposition of Aβ within vessel walls has been shown, known as cerebral amyloid angiopathy (CAA) (Selkoe, 2001; Rannikmäe et al., 2013; Masters et al., 2015). The majority of all cases are sporadic, whereas only \< 3% are caused by genetic mutations (Selkoe, 2001). The underlying mechanisms leading to sporadic AD are still not fully clear. However, it is assumed, that various (vascular) risk factors associated with life style, such as diabetes, hypercholesterolemia, stress, blood pressure, smoking or heavy metals may play a major role (Andel et al., 2012; Reitz and Mayeux, 2015), but also risk genes can increase the progression of AD.

![Alzheimer's disease (AD) is a severe neurodegenerative disorder, characterized by extracellular beta-amyloid plaques (PLQ), intraneuronal tau pathology with formation of neurofibrillary tangles (NFT), vascular dysfunction, inflammation and microglial dysfunction, reactive astrogliosis and cell death of cholinergic neurons.\
AD can be distinguished into a genetic (\< 3% of patients affected) and sporadic (majority of \> 97% of all cases) form of the disease. In genetic AD the major risk genes amyloid precursor protein (APP) and presenilin 1&2 (PSEN1&2) are mutated. Transgenic mouse models with mutations in these genes have been developed and allow to study the progression of beta-amyloid and tau pathologies. Age (\> 60 years) is the main risk factor to develop sporadic AD, and two risk factors (Apoliprotein E4 and TREM-2) increase the risk, and many risk factors associated with life style play a role in progression. However, so far, the initial causes for sporadic AD are not known and no mouse model for sporadic AD is available. In addition, also other forms of dementia with cognitive impairment have been reported, showing partial overlap with AD, such as cerebral amyloid angiopathy (CAA), vascular dementia (vaD) or pure tauopathies (such as frontotemporal lobe dementia).](NRR-15-401-g001){#F1}

The literature search was performed by an extensive PubMed research including the keywords of "Alzheimer's disease, sporadic, mouse models, cerebral amyloid angiopathy, vascular risk factors". The time frame was set to data from 1990 to 2019.

In the last decades, various mouse models of AD have been generated to mimic the major neuropathological hallmarks in AD. These models are one of the most important research tools in AD as they provide marked advantage toward the understanding of the AD pathogenesis. Such models allow to study the progression of Aβ and tau pathologies, but also to explore therapeutic strategies. The major problem currently is, that these mice mimic some, but not all of the key pathologies of human AD (Hall and Roberson, 2012). In this review we will discuss (a) the current status of AD mouse models, (b) the problems associated with these models and (c) if mice can develop a human related disease and (d) how we can progress to develop a mouse model of sporadic AD (**[Figure 1](#F1){ref-type="fig"}**).

Genetic Mouse Models of Alzheimer's Disease {#sec1-2}
===========================================

AD-associated genes can be divided into those in which mutations cause autosomal dominant AD and those in which polymorphisms serve as risk factors for AD. Mutations in three major genes are known causing autosomal dominant AD: an overexpression of the amyloid precursor protein (APP) gene leads to an increased Aβ production (mainly toxic Aβ~42~) and mutations in the Presenilin genes 1 and 2 (PSEN1, PSEN2) cause activation of the gamma-secretase complex and subsequent cleavage of APP with increased Aβ production (Hall and Roberson, 2012). In 1995, a breakthrough reported the first transgenic mouse model using platelet derived growth factor-β encoding human APP with typical Aβ plaques and cognitive impairment (Games et al., 1995). Many more mouse models have been created meanwhile, such as the Tg2576 mice (Hsiao et al., 1996; Elder et al., 2010) or the APP_Swedish Dutch Iowa mice (APP_SweDI) (Davis et al., 2004) or the APP23 (Sturchler-Pierrat et al., 1997), J20 (Mucke et al., 2000) or TgCRND8 (Chishti et al., 2001) mice. Novel transgenic mice have been generated by crossing PS1/PS2 with APP, which potentiated the formation of plaques (Holcomb et al., 1998; Elder et al., 2010). Finally, more complex models have been created, combining three APP and two PS1 mutations (5×FAD), resulting in a rapid onset of Aβ deposition, impaired memory and also a loss of neurons (Oakley et al., 2006; Elder et al., 2010).

The central question in the role of tau in the Aβ cascade is, whether if Aβ drives the tau pathology or *vice versa* or if both pathologies have synergistic effects. It is well known that tau is a microtubule-associated protein and physiologically stabilizes and regulates axonal transport. However, the interaction between Aβ and tau seems to be more complex and by far not fully explored. Thus, this problem forced the generation of tau specific transgenic mice. However, transgenic mice overexpressing human tau mainly cause a "frontotemporal like-dementia", but do not lead to a typical AD pathology (Hall and Roberson, 2012). These results forced researchers to generate transgenic mouse models combining human tau and APP. One of the first such models is the TAPP model, generated by crossing Tg2576 and JNPL3 mice, expressing P301L human tau (Lewis et al., 2001). Another transgenic model combines the APP, PS1 and tau mutations (3×Tg mice) and these mice develop first Aβ plaques and then NFT (Hall and Roberson, 2012; Oddo et al., 2003). In order to overcome the intrinsic drawbacks due to the APP over-expression, e.g., a destruction of endogenous gene loci, second-generation mouse models were generated. Due to the change of three amino acids, differing between mouse and human APP, it was possible to create a human APP knock-in model, harbouring Swedish and Beyreuther/Iberian mutations with/without arctic mutations within the APP gene. This model generates the Aβ pathology as well as neuroinflammation and memory deficits depending on the age (Saito et al., 2014). Limitations of the APP over-expression are described extensively in a review (Sasaguri et al., 2017).

Although such mice partly develop both important AD pathologies, they still do not reflect the complete complex "sporadic nature of human AD". A list of all current available mouse models can be found at <https://www.alzforum.org/> research-models.

Sporadic Mouse Models of Alzheimer's Disease and Related Dementia {#sec1-3}
=================================================================

As mentioned above, more than 97% of all AD cases are of sporadic origin and age is the main risk factor. The causes for initiation and progression of sporadic AD are unknown, but it seems to become clear that sporadic AD already starts 20--30 years before first symptoms are seen. It seems likely, that the progression is influenced by two main parameters: genetic risk factors and risk factors associated with life style, possibly associated with vascular risk factors (**[Figure 1](#F1){ref-type="fig"}**).

Genetic risk factors in sporadic Alzheimer's disease {#sec2-1}
----------------------------------------------------

The strongest genetic risk factor gene for late onset AD is apolipoprotein E4 (ApoE4) (**[Figure 1](#F1){ref-type="fig"}**). ApoE consists of three alleles (E2, E3, E4), but in AD the ApoE4 allele seems to be the most prominent risk factor. Interestingly, the E2 allele reduces the risk to develop AD and the allele E3 does not influence the risk. Although this gene is only present in about 15% of the population, the E4 allele occurs in 40-65% of all AD cases (Hall and Roberson, 2012; Rincon and Wright, 2013). ApoE knock-out mice (apoE^-/-^) have been created to demonstrate the role of ApoE in the brain, especially to address the role of ApoE in glial or neuronal function. Transgenic mice have been generated by combinations of ApoE and PDAPP, Tg2576, J9 or 5xFAD (Tai et al., 2011). A limitation of the models is that the murine and human forms of ApoE are only 70% homologous (Tai et al., 2011)

The second recently discovered risk factor for late-onset sporadic AD is the "triggering receptor expressed on myeloid cells 2" (TREM-2). Individuals expressing this gene suffer from a 4x higher risk to develop AD (King, 2018). This gene encodes a receptor expressed in myeloid cells, mediating inflammatory responses. Specifically, the very rare variant p.Arg47His increases the risk for AD. The disease triggering mechanism of TREM-2 is mainly linked to microglial activation. It is well known that in AD microglia become activated, migrate to plaques to eliminate plaques; however, over decades the microglial function is diminished. Interestingly, in patients with TREM2 risk variants a stronger plaque-associated neuritic dystrophy together with a lower coverage of microglia is present. The effects on the microglial clustering due to the p.Arg47His variant of TREM2 have been tested in a mouse model of amyloidosis (Carmona et al., 2018; Song et al., 2018), which may reflect a form of late onset sporadic AD.

(Vascular) risk factors associated with life style in sporadic Alzheimer's disease {#sec2-2}
----------------------------------------------------------------------------------

Beside the genetic risk factors, also life style age-related risk factors, possibly vascular risk factors, play a major role (**[Figure 1](#F1){ref-type="fig"}**). This suggestion is based on the overlap of AD with vascular dementia and the hypothesis that AD is a vascular disease (de la Torre and Stefano, 2000; de la Torre, 2004; Humpel, 2011). The suggested risk factors associated with lifestyle and subsequently with sporadic AD are: hypertension, high blood pressure, diabetes type II, inflammation, hypoxia and stroke, stress, homocysteine, alcohol, smoking and the exposure to heavy metals or other not yet discovered factors.

Hypertension: High blood pressure is highly linked to a damage of the blood-brain barrier (BBB) and an increase of the receptor for advanced glycated end products expression, which causes a dysfunction of the Aβ clearing process (Carnevale et al., 2016). Mouse models with hypertension increase the risk to develop sporadic AD. In an APP_PS1 mouse model the infusion of hypertensive doses of angiotensin II caused cerebrovascular alterations and an increase in vascular Aβ depositions (Broquères-You et al., 2014).Diabetes and hypercholesterolemia: Type 2 diabetes is the most common form of diabetes exhibiting the major hallmarks of insulin resistance and hyperinsulinemia. Moreover, also hypercholesterolemia, obesity and hypertension are major co-factors, all together affecting Aβ clearing through the BBB and hyperphosphorylation of tau (Sims-Robinson et al., 2010). In mouse models, either the injection of streptozotozin and/or a high fat diet causes diabetes-like symptoms with an increase of γ-secretase activity (Kimura, 2016).Alteration of glucose mechanisms: It is well known that an impaired glucose mechanism and neuronal damage clearly correlate in AD. N-acetylglucosamine is an end-product of the glucose mechanism and activates the hexosamine pathway. An interesting polymer (connected to N-acetylglucosamine) is Chitin, which accumulates in plaques of sporadic AD (Turano et al., 2015).Inflammation: Many studies show that neuroinflammation is not a factor on its own to enhance the risk of AD, however, it is assumed, that the combination of several risk factors lead to chronic inflammation, which deteriorates AD pathology (Kinney et al., 2018). Lipopolysaccharide is a well-known drug to induce inflammatory responses in mice (Foidl and Humpel, 2019).Hypoxia and stroke: Stroke interrupts the oxygen and energy supply to the brain, leading to cerebrovascular damage and dysfunctions in the brain, which is associated with the onset of vascular dementia and/or AD. Moreover, hypoxia is strongly linked to other risk factors for AD and vascular dementia, such as hypertension, diabetes, hyperhomocysteinemia or smoking (Vijayan and Reddy, 2016).Stress: Chronic stress in midlife but also post-traumatic stress disorders are in a strong relationship of developing dementia and AD in later life stages. A mouse model shows this relationship including increased levels of soluble Aβ in the cerebrospinal fluid (Justice et al., 2015; Justice, 2018).Hyperhomocysteinemia: An overactivation of homocysteine is widely known to worsen the disease process, while vitamins B12 or folate can counteract symptoms (Farina et al., 2017). We have shown in an animal model that hyperhomocysteinemia caused severe memory impairment and a decline of cholinergic neurons including vascular microbleedings (Pirchl et al., 2010).Alcohol: There are conflicting results regarding the role of alcohol and its effect on dementia. On the one hand there is the assumption, that a low to moderate use of alcohol (especially of red wine) has protective effects. However, many studies insist on the opposite effect (Huang et al., 2016). In a previous study, we showed that ethanol together with CaCl~2~ caused dysfunction of platelet APP processing both in rodent and human platelets (Ehrlich and Humpel, 2014).Smoking: Smoking is a critical factor especially in vascular diseases, but also in the pathogenesis of AD. Transgenic APPswe/PS1 mice exposed to cigarette smoke showed an increased formation of Aβ plaques, inflammatory responses, alterations in tau phosphorylation around the plaques, but no neuronal decline (Moreno-Gonzalez et al., 2013).Heavy metals: It is well known that an overload or accumulation of metals in the brain leads to toxic reactions like oxidative stress or disrupted mitochondrial functions (Chen et al., 2018). Copper intoxication both in wildtype and in transgenic mice caused an increased production of Aβ, together with vascular impairment (Singh et al., 2013). Similarly, iron overload leads to an increased plaque formation and behavioral impairment, as shown in APP/PS1 mice (Becerril-Ortega et al., 2014).

Taken together, many mouse models have been described where a single stimulus caused some typical AD hallmarks, mainly cognitive impairment, but do not fully reflect the disease. It seems likely, that many risk factors are linked to AD progression, such as diabetes and high-fat diet, cholesterol levels and inflammation. Thus it is hypothesized that the combination of many of such (vascular) risk factors associated with life style may initiate and/or potentiate the progression of sporadic AD.

Mouse model of cerebral amyloid angiopathy {#sec2-3}
------------------------------------------

A typical hallmark in AD is the deposition of Aβ in the vessel walls known as CAA (**[Figure 1](#F1){ref-type="fig"}**). However, while in AD plaques mainly the toxic Aβ~42~ form aggregates, in vessels mainly the Aβ~40~ form is deposited (DeSimone et al., 2017). Further, CAA occurs also alone without any AD pathology. Mouse models of CAA though, are also quite rare and also here, the sporadic manner of the disease formation is of utmost importance. In our recent study, we (Foidl and Humpel, 2019) exposed wildtype C57BL6 mice for up to 56 weeks with different subchronic mild vascular risk factors. We showed for the first time, that the treatment with various vascular risk factors leads to a marked cognitive impairment. This was accompanied by a strong damage and decline of vessels, BBB disruption, cerebral vascular bleedings and inflammatory responses. However, we could not see typical Aβ plaques or tau NFT, and thus we suggest the establishment of a novel mouse model for CAA. Our data highly suggest that the combination of several mild lifestyle risk factors over months does not lead to a sporadic mouse model of AD.

However, also transgenic mice can develop a CAA pathology. The transgenic APPDutch mouse model mimics the genetic variant of hereditary cerebral haemorrhage with amyloidosis -- Dutch type (HCHWA-D), harbouring the human APP51 with E693Q mutation under the murine Thy1 promoter (Herzig et al., 2004). These mice are impaired in cognition, but the onset of CAA is very late (22--25 months) which makes this model technically problematic (Herzig et al., 2004). Another transgenic mouse model (the APP_SweDI) also develops vessel occlusions but also at later stages (Davis et al., 2004).

Platelets as a risk factor for sporadic Alzheimer's disease? {#sec2-4}
------------------------------------------------------------

It is very interesting to note that platelets (thrombocytes) contain high amounts of APP and are able to produce and release Aβ~40~ into the blood, which may play a role in blood clotting. We hypothesize that platelets may play a crucial role in initiation of AD, because platelets are dysfunctional in AD (Plagg and Humpel, 2015). It seems likely, that lesions in brain vessels over a long time period together with BBB disruption and bleedings may cause an overactivation and dysfunction of platelets. Platelets can contain APP and can produce and release Aβ and may also produce toxic Aβ~42~ under certain conditions (Humpel, 2017).

Problems arising in mouse models of Alzheimer's disease--missing translational links? {#sec2-5}
-------------------------------------------------------------------------------------

The major problem in the current mouse models arises, that the available transgenic models only mimic the rare genetic form of AD with an early onset and no established mouse models for sporadic AD are available. These transgenic mice either develop plaques alone or NFT alone, or in combination both pathologies. But these mice do not exhibit all AD pathologies (CAA, inflammation, cholinergic cell death or glial activation) and most importantly, we do not get any information how sporadic AD is initiated and progresses. Thus, it is hypothesized, that AD is the result of a combination of genetic, life style and environmental factors. Therefore, the generation of only a single pathology cannot reflect the complexity of a late onset form of sporadic AD.

Mice do not reflect the most important risk factor in humans, which is an old age. While the average life time of mice is between 22--28 months, sporadic AD develops in humans at an age of 60 years. Thus, one needs to ask, if the old aged mouse can really mimic a human individual of an age of 60 years. And more seriously asked, can a mouse develop a sporadic disease with a life time of only 22--28 months? This represents a major conflict, as the immune system of young animals is notably different compared to aged individuals.

There is also a difference in the murine and human overexpression of APP. Plaques in humans pretend to have a lower core density with an amorphous structure and are more difficult to dissolve than murine plaques (Balducci and Forloni, 2011). Moreover, in transgenic mice plaques were found to exhibit a very large size compared to the human form, which makes it difficult to compare (Saito, 2018).

Another major concern is the structural difference between human and murine Aβ. So far it is well established that the human Aβ~42~ peptide can aggregate and form the toxic plaques, thus in all mouse models human Aβ was overexpressed or in cell culture models mainly Aβ with a human sequence is used. Mouse Aβ~42~ shows a different amino acid sequence and it is not fully clear if it can aggregate under physiological conditions. In fact, mouse Aβ is less susceptible in forming β-sheet structures and aggregated fibrils and murine Aβ is less neurotoxic as it generates less reactive oxygen species compared to human Aβ (Lv et al., 2013). However, we showed that endogenous rat Aβ can form Aβ-like depositions when exposed to low pH and ApoE4 in brain slices (Marksteiner and Humpel, 2008). Thus, the central question is: what are the exact molecular and cellular mechanisms that induce aggregation of murine Aβ?

Based on the common amyloid hypothesis it is suggested that Aβ plaques cause the activation of hyper-phosphorylated tau and subsequent formation of NFT. While mouse models may mimic such a situation, so far in APP transgenic models, Aβ did not clearly initiate the tau pathology. We recently showed that okadaic acid caused hyperphosphorylation of specific tau epitopes, especially of p-tau396, but no formation of NFTs in organotypic brain slices (Foidl and Humpel, 2018). Okadaic acid injection into mice is useful to get a better insight to the mechanisms of hyperphosphorylated tau also in combination with the complex connection of Aβ and tau.

To date, the amyloid hypothesis is discussed critically, as the correlation between amyloid plaques and AD is partly doubted (Morris et al., 2014). So far, the hypothesis has failed in clinical trials, as the current available drugs are not counteracting the amyloid pathology. Though, as mentioned above, there is also a strong focus on anti-amyloid treatments targeting Aβ by active and passive immunization. But it has to be discussed as well, that Aβ deposition occurs also in cognitive normal subjects (as imaged with Pittsburgh PET compound), which leads to a challenge in the diagnosis and the question when the Aβ plaques correlate with cognitive decline and AD progression (Morris et al., 2014). A possible explanation is based on suggestions, that soluble oligomers of Aβ are the actual toxic factor and not the fibrillary Aβ~42~ within plaques. These soluble Aβ oligomers are supposed to play a role in very early stages of AD, due to the processing of APP even before plaques are formed (Morris et al., 2014; Mroczko et al., 2018).

Moreover, also the extensive neuronal loss in patients with AD is not reflected in its entirety in mice (Franco and Cedazo-Minguez, 2014). Several studies examined a hippocampal loss of neurons in APPxPS1 mice or even in a more drastic form in APP_Swedish-London transgenic mice crossed with PS1M233T/L235L mutations or in 5xFAD mice featuring 3xAPP and 2xPS1 mutations (Balducci and Forloni, 2011). We also reported previously that in transgenic APP_SweDI mice a retrograde-induced cell death of cholinergic neurons occurs when plaques are present, including a cognitive decline (Foidl et al., 2016).

The missing translational link is also seen in the fact, that therapeutic strategies clearly were successful in mouse models, but did not show positive results in humans. A typical example is vaccination, which was successful to clear Aβ plaques in mouse brains but not in humans (King, 2018). Promising results have been shown recently in a study, where 5xFAD mice were treated with 3K3A-activated protein C, which enhanced the BBB-integrity, improved behavioral skills and most importantly, it reduced the appearance of Aβ (Lazic et al., 2019).

Future Perspectives and Outlook {#sec1-4}
===============================

Genetic mouse models of AD are still the most common strategy to work on experimental AD research. Novel possibilities as the CRISPR-Cas9 gene editing seems to provide interesting options both in treatment and production of animal models (Rohn et al., 2018). Though, the major problem in the current mouse model arises, that on the one hand there is a general lack of sporadic mouse models of AD and on the other hand, that research understands sporadic mouse models mainly in regard to ApoE4 investigation. Therefore, it is still of utmost importance to focus more on several risk-factors, also linked to vascular disturbances. Also, the generation of mouse models for other forms of dementia, such as frontotemporal lobe dementia, may add more information. In this context, our novel CAA mouse model (Foidl and Humpel, 2019) adds additional information about factors which may or may not induce sporadic AD. The following major question arises: why does the treatment with (vascular) risk factors not lead to a sporadic form of AD in mice in our sporadic CAA model? A possible explanation may point again to age as the major risk factor in human AD, since the short lifespan of mice may prevent the progression of AD and may not mimic all aspects of the human disease. In future, many additional risk factors (associated with life style) must be tested to induce the sporadic form of AD. This may become a pivotal step to close the translational gap between animal models and the human form of the disease.
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